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FORNATION O F  COMPLEMENTARY RNA AND ENZYMES 
IN  BACILLUS SUBTILXS 

INFECTED WITH BACTERIOPHAGE SPS 

J. MARMUR (*), F. M. KAHAN (**), B. RIDDLE and M. MANDEL (t) 
'Graduate Department of Biochemistry, Brandeis University, 

Waltham, Massaehusettiq 

The properties of messenger RNA. (m-RNA) have been 
deduced from a variety of systems. Bautz (1963) has presented 
evidence favoring a single stranded nature of bacteriophage 
specific m-RNA. Genetic evidence has been obtained by Champe 
and Benzer (1962) with the same coliphage system suggesting 
tnat the template for useful messenger RNA synthesis is one of 
the two complementary bacteriophage DNA strands. However, in 
vitro experiments show that both strands of partially degraded , 
DSA are copied by the DNA-primed RNA polymerase (Geiduschek 
et al., 1961; Hurwitz, 1963). The availability of bacteriophages 
whose DXXs yield strands which can be fractionated and identi- 
:ied by their different buoyant densities has made i t  possible to 
test directly whether the RNA formed after phage infection is 
complemer,t,:y to one or both of the strands of the bacteriophage 
3 S A .  A preliminary note has summarized our work on one of 
these bacteriophages, SPS, which is virulent for B. subtih (Mar- 
n u r  and Greenspan, 1963). Some of the properties of SPS DNA 
and the consequences of infection upon host biosyntheeis will be 
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presented in Section I of this paper; Section XI will deal with 
DNA-RNA hybridization studies and induction of a hostspecific 
enzyme and Section IXI will be concerned with the formation of 
bac$eriophage-specific enzymes. 

I. Properties of SP8 and infected B. subti& 

A number of bacteriophages contain DNA which provide two 
strands of differing density when they are  denatured. The bac- 
teriophages a re  presented in Table I. It is evident from Table I 
that the majority of those bacteriophage DNAs which have a 
guanine plus cytosine (G +- C) content of less than 60% often 
possess complementary strands of dissimilar buoyant densities 
whereas other bacteriophages (not listed) with G + C contents of 
greater than 50% do not display this feature (Marmur and Cordes, 
1963). 

We have selected for study bacteriophage SP8 (Romig and 
Brodetsky, 1961) which is virulent for E. subtit?& Marburg. SP8 
produces prompt and reproducible lysis of host suspensions grown 
in broth and defined media and yields clear plaques on solid 
media. Its chemically analyzed base composition is similar to that 
of the host and contains 43% G +  C. From electron microscopy 
studies of bacteriophage SP8 and studies of the sedimentation 
behavior of its unsheared DNA complement, there appears to be a 
similarity in size to the T-even Escherichia coli bacteriophages 
(P. F. Davison, personal communication). The banding patterns 
of bacteriophage SP8 DNA in its native and denatured states 
i. c: of its complementary strands (fractionated from each other 
by chromatography on a methylated albumin-kieselguhr (MAR) 
column) are seen in Fig. 1. The strand with the higher buoyant 
density in the CsCl gradient (the H or a heavy B strand) has a 
larger band width than does the complementary light (L) strand, 
and may have a lower molecular weight. This relationship has 
been observed in a majority of the banding patterns of denatured 
and fast  cooled SP8 DNA preparations. The same is true of 
Clostridium tetani bacteriophage DNA as well as several other 
bacteriophage DNAs listed in Table 1. The lower molecular weight 
may result from preexisting backborre chain scissions predomi- 
nantly on the heavy DNA strand, or may have been introduced 
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SP6 
SP7 
SP8 
SP9 
SP13 
SP6 

G 
A 

B 
C 
D 
m 

SA 

CT1 
PX-1001 

B. subtifir 

# 

D 

D 

D 

B. lichenifomis 
B. megaterium 

B. ccreiu) 
D 

D 

W 

R. fiber& 
M. pyogenes var. 

Cloetridiiim tetani 
Agrobactcrizlm 

radiobacter 

aureiu 77 

1.743 
1.743 
1.743 
1.743 
1.743 
1.742 
1.701 
1.694 
1.695 
1.696 
1.696 
1.705 

1.693 
1.691 

1.712 

1.766, 1.761 
1.766, 1.760 
1.766, 1.762 
1.756, 1.764 
1.766, 1.766 
1.754, 1.761 
1.710, 1.727 
1.710* 
1.711. 
1.711, 1.719 
1.710* 
1.717, 1.726 

1.706, 1.714 
1.703, 1.716 

1.724, 1.729 

17.6 
17.6 
17.6 
17.6 
17.6 
17.6 
40 
37 
37 
37 
37 
41 

36 
32 

- 

84 

M 
84 
84 

84 
83 
41 
35 

36 
37 
37 
45 

34 
31 

63 

* Although two bands are clearly visible on the ultraviolet absorption 
photograph, their resolution by microdensitometer tracing is difficult. The 
denatured buoyant density reflects the average of the light and heavy bands 
which are estimated to differ by about 0.003 gm/cc. 

TABLE 1. - The buoyant densities were determined as described previously 
(Schildkraut et al., 1961) using E. coli DNA (1.710 gm/cc) IU a reference 
standard. The T, was determined in 0.16 ;\I NaCl plus 0.016 M Na citrate 
(SSC). B. eubtilia bacteriophages SP6, SP7, SP8, SP9 and SP13 were obtained 
from W. R. Romig; SP6 from C. B. Thome (1962); bacteriophage C from 
L. Siminovitch (Murphy, 1967); B. cereus bacteriophages A, B, C and D 
from J. R. N o m s  (1961); phage a is described in Corder et al., (1961); the 
ill. pyogener var. aurew bacteriophage from R. C. Cleverdon, and CL tetuni 
phage from M. Mandel, W. C. Latham and R. J. Timpezi; phage P&1001 
is  deecribed in Radyckp et al., (1963). 
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Fig. 1. - Buoyant Densities of Native, Heat Denatured and Fractionatrd 
Strands of SP8 DNA. 

The buoyant densities were determined as described previously (Schild- 
kraut e t  al., 1961) using E. coli DNA (1.710 gm/cc) as a reference 
standard. SP8 DNA in this and other experiments was isolated from 
concentrated bacteriophage lysates in broth using phenol extraction 
followed by a final deproteinization with chloroform-isoamyl alcohol and 
precipitation and washing with ethanol. The strands of heat denatured 
SP8 DNA were fractionated on a single layer MAK column using a 
selective three-step elution procedure with increasing concentrations of 
NaCl in 0.05 M phosphate buffer (SP) at pH 6.7 (Sueoka and Cheng, 
‘1962). The L s t r ind eluted a t  about 0.85 M SP and the H strand at 
higher ionic strength. The effluent fractions were monitored by absor- 

.bance measurements at 260 m p  and the identity and purity of the strands 
determined by analytical CsCl density gradient centrifugations as illus- 
trated above. The- purified fractions were concentrated by evaporation 
and dialyzed into the appropriate solvent (2xSSC usdly) .  Samples 
containing at least 96% of the particular strand were considered pure 

and used in ~ucceeding experiments. 
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during the isolation and purification of the bacteriophage DNA. 
The bacteriophage DNA samples which yield only a single band 
in the CsCl gradient in the denatured state are  listed in Table 2. 
Not listed in Table 2 are DNA preparations isolated from bacte- 
riophages P22, 1 and the E. coEi T-phagee which similarly band 
within a unimodel peak in the denatured state. 

It is apparent that the SP8 L DNA strand differ8 in base. 
composition from the H strand and they are presumably comple- 

TABLE 2 
Native Buoyant Densities and Base CompositiOna 

of Denatured Bacteriophage DNA Yielding Uninwdtrl 
Bands in CsCl Density Gmdknts 

- - ~ - -  . - - - _-- . . __ .-__ 

Serratia marcemem 

Pscudomoruur aencginosa 

Rhizobium meliloti 
Stmptomuccs Oriscus Slol 
M. lysodeikticus 

B. Mcbtilirr 

, a  

> 

> 
Xanthomonnr pntni 

1.714 

1.708 
1.729 70 
1.724 j 65 
1.722 63. 

63. 1.722 
1.694 , 35 
1.714 ! 55’ 
1.721 62 

I 

‘The numbers in parenthesis listed t o  the right of the bacteriophage 
represents the source of (and in -me cases published reference to) the phage. 
(1) M. Mandel; (2) C. I). Grabar;; (3) 1. Takahashi; (4) L. A. Jones; (6) 
Scaletti and Naylor (1959); (6) Takahashi (1963); (7) Ivanovics and Csiazar 
(1962); (8) Romig and Brodetsky (1961); ,(9) Thorne (1962); (10) A. Eisens- 
tark. 

‘The high C plus C contents, when compared to those estimated from 
the thermal denaturation temperature values, are indicative of the presence 
of unusual base. 

TABLE 2. - The buoyant densities were determined as described previously 
(Schildkraut e t  .al., 1961) using E. coli (1.710 gm/cc) an the Mere= 
standard. 
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mentary in their base composition (Table 3). As in the cast? of 
bacteriophage (1 (Marmur and Cordes, 19631, the H strand ie 

_ _  - - - -  -- 

TABLE 3 
Ratw of Bases in DNA Calculated from Ratio of their 

Complcnzentary Nucleotides Incorporated into DNA-Printed RNA - 
RmltrnoUrs - mr:- I- AMP - IS' GMP- F' . .  

'our-- tv 
Cnrreaprnding bue A C 

i: 

-- ri bnnralmWm GYP--F , -m-F - .___- - 
-_--- -. -- - - A 

. - . 
palr In DNA iT - - - - - -. 

D N A  used a(i primer 

SPB-NATIVE 1.33 0.86 0.93 
SPP-LIGHT STRAND 1.21 0.78 0.87 
T2-NATIVE 1 .arl 1.01 0.97 
P B SO-N ATIVE 2.27 0.90 0.97 

Calf thymus ( 1.27) (1.00) (1.00) 

TABLE 3. - Base ratios of small quantities of DNA were eatimated by 
measuring the rntio of incorporation of each of the 4 ribonucleotides into 
RNA whose synthesis was catalyzed by RNA polymerase (purified from 
E. coli W) in reaction mixtures containing one of these DNAs as primer. 
Pairs of ribonucleoside triphosphates, distinguishable from each other by 
their isotopic mnrkers, were employed in each reaction mixture ouch tha t  
the ratio of their incorporation represented: in column I the approximate 
A + T  ratio, in column XI the ratio of the complementary base pair T:A, G + C  
in column XI1 the ratio of the complementary base pair C:G. To eliminate 
any need for determining the exact specific radioactivities of the substrates, 
the results were expressed in relation to those obtained when calf thymus 
DNA was used as primer (after the incorporation ratios obtained with the 
latter DNA were expreswd in terms of che chemically established base 
ratios). 

Reaction mixtures for the nbove experiments consisted of 0.6 ml volumes 
containing 40 millimicromoles of each of the 4 ribonucleoside triphosphates: 
ATP, GTP, CTP and UTP. Where indicated, non radioactive triphosphates 
were replacrd by ATP-" (containing 900 c.p.m. per mil mole). In addition, 
each react ir-n mixture contained 2 p moles of MnCL , 4 p moles of MgCL , 
25 p males -i Tris buffer, pH 7.6, 1 p mole of @ mercaptwthanol, an  amount 
of one of the indicated DNAs containing 60 mp moles of nucleotide phoa- 
phorus, and 2 pg of the ammonium sulfate 11 B fraction of RNA poly- 
merase (Furth et al., 1962). The reaction mixture waa incubated at 38'C 
for 20 minutes, at which time the extent of incorporation (usnally a total 
of 6 m p  molee of ribonucleotidea) was measured by precipitating the syn- 
thesized RNA with 6% trichloracetic acid and recovering the acid insoluble 
material on a HA Millipore filter. The filter WM immereed in a d n t i h t i o n  
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relatively pyrimidine-rich and the L strand is enriched in purines. 
The inequality of the Watson-Crick base pairs in the fractionated 

Fig. 2. - One Gtrep Growth Curve of Bacteriophage SP8 06 B. su.6tilin 
Marburg. 

The one step growth curve was performed as described by Adams (1969). 
Antiseruiii against SPS was kindly supplied by Dr. L. Levine. Platings 
were made on Difco Penassny plates with tryptone-yeast extract (Romig 
and Brodetsky, 1061) soft agar overlay, using B. su6tifk spores a5 plating 
bacteria (Romig, personal communication). Infective centers, almost loo%, 
m.0.i. 6.7. In this and subsequent experiments the cells were grown and 

infected at 37' C in a reciprocating water bath. 

fiuid(containing toluene as the only solvent), and ita radioactivity wa5 counted 
in the appropriate channels of a Packard Tri-Carb scintillation spectrometer. 

The inequality of incorporation of complementary nucleotides in reac- 
tions primed by native DNA is regarded a0 significant. Thfs asymmetry, 
which presumably reflects a preference of the RNA polymerase for the light 
DNA strand of the native helix, has also been obsemed with the DNA of 
the B. subtilis phage PBS2 (Takahaahi, 1963) but, as nhom above, ir not 
evident in reaction8 primed by TI DNA. 

_ .  ,p .'* ' - 
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strand tends to discount tine possibility that each is a double 
stranded sub-unit of the native preparation. 

Since the consequences of bacteriophage SPS infection of 
B. subtilis have not previously been described, we have presented 
{Figs 2-6) some of the characteristics which are most pertinent 
to this study. Figure 2 shows the one step growth curve obtained 
:in broth medium, the latent period is approximately 36 minutes 

. . .. . hnd the burst size is 200/cell. All cdls infected with SP8 lyse 
and a great majority give rise to a productive burst. None of the 
survivors of the infection have been found to be lysogenic. 

The relative amounts of host and bacteriophage DNAs in 
infected cella were etudied at various times u p  to bacteriophage- 

- - - . -  __ __ _- - 

t 
W 
0 
2 
in 
X 
0 
Lo 

Q 

a 

m 

BANDING PATTERN OF DNA FROM 
spe INFECTED ELSUBTILIS 

9. sublilis 

- DEkSITY 

Fig. 3. - Banding Pattern of a Partially Purified DNA Extract of SP8 
Infected B. subtaw. 

Ten minutes after infection the cells were chilled, collected, lysed, 
deproteinized once with chloroform-isoamyl alcohol (Marmur, 1961) and 
treated with RNAaee. The reference standard is deuterated PaeudomoMs 
uentginosa DNA (1.762 gm/cc). When the reference standard is omitted, 
no SP8 is found to band with a buoyant denaity within that of the 

reference DNA range. 
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induced lysis by examining the banding patterns of partially 
purified lysates in CsCl density gradients. Host DNA was also 
examined for its transforming activity in the same nucleic acid 
extracts. A typical CsCl density gradient banding pattern of DNA 
extracted from SP8 infected B. subtilis cells is shown in Fig. 3. 
The characteristically high buoyant density of the bacteriophage 
DNA (1.743 gm/cc) readily distinguishes it from host cell DNA 
(1.703 gm/cc). This is most likely due to the replacement of the 
thymine residues by hydroxymethyl uracil (HMU) and the partial 
glucosylation of the cytosine residues (Mahler, unpubliehed work 
quoted in Takahaahi and Marmur, 1963). The tracing in Fig. 2, 

- 

EFFECT OF SPB 1MFECTIO:J ON 
TRANSFORMING ACTIVITY OF e. SLJBTILIS oh, 

W 

0 10 20 30 40 5 
a 

Fig. 4. - Fate of B. subtilin DNA in SP8 Infected Cella. 
Cells were grown and infected in Difco Penassay broth. DNA was prepa- 
red in a partially purified state from cella collectcd at various time inter- 
vals by the procedure of Marmur (1961). The lysate was deproteinized once 
with chloroform-isoamyl alcohol and the  ethyl alcohol ~ t e p ~  were omitted. 
%ne nuclcic acid preparation was treated with RNAase and then dialyzed 
against 0.15 M NaCl plus 0.016 M Na citrate (SSC). Transformations 
were performed aa previously reported (Marmur et al., 1963; Mahler 
et  al., 1963) using a histidine auxotroph as t he  recipient eell. Vioible 

lysis of the caltare occurred in 60 min. 
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a~ well as those of other banding patterns of DNA samples 
extracted from B. eubtilis a t  various times after infection, dis- 
plays one important feature : the buoyant density of the SP8 DNA 
in the CsCl density gradient is alwaye the aame and eimilar to 
that of native DNA extracted from mature bacteriophage particlee. 
At no time did DNA isolated from infected cells yield-tht two 
band pattern characteristic of denatured SP8 DNA. 

_ -  

R N I  SYNTHESIS IN UNINFCCTCO 
AND spe INFECTED _ e . s u e r r ~ t s  
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Fig. 6. - Total RNA Synthesis Following SP8 Infection. 
Cells were grown and infected with SP8 in a Tris synthetic medium 
similar to that described by Nomura e t  al., (1963). The medium consisted 
of 0.1 AI Tris, pH 7.4; 0.08 M NaCl; 0.02 M KC1; 0.02 M NH4Cl; 

10-4 M CaCL; 10-6 M FeCL; 0.1% glucose and supplemented with 
tryptone-yeast extract (Romig and Brodetaky, 1961), 10 ml/liter. Samples 
of infected and'uninfected eel1 suspensions were first treated with 

(Richmond, 1969). RNA was estimated colorimetrically by the orcinol 
method (Schneider, 1957). Visible lysin of tbe culture occurred in a min. 

6.4 x 10-4 BI KEIZO,; 1.6 x 10-4 M N ~ S O . ;  10-8 M M ~ C I . ;  

0.2 Y HC~OI,  centrifuged and the RNA hydrolyzed d t h  1 M HClO4 

I 

I 
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The amount of each DNA constituent was estimated from the 
area within the relevant band of the microdensitometer tracinge 
made from the ultraviolet absorption photographs. Bacteriophage 
DNA appears 6 m i n u b  after infection and increases in amount 
in a linear fashion from the 10th minute until the time of .the 
burst. The amount of host cell DNA increases slightly at first and 

! 

I:::. 
TIME (MINUTES I 

Fig. 6. - Effect of SP8 Infection on P’ Incorporation into B. eubtilia RNA. 
Cells of B. srcbtilia were grown and infected with bacteriophage SP8 in 
the Tris synthetic medium listed in the legend to Fig. 6, supplemented 
instead with neopeptone (20 mg per cent) to give a final concentration 
of 80 ni!i moles/ml of inorganic phosphate. Carrier-free P’ (4 me/360 
ml culture) was added to the infected and control cultures 2.6 .min after 
infection. Samples of each caitnre (20 mi) were removed at the times 
indicated and added to 6 ml of crushed frozen .cetate buffer, pH 62. 
RNA was isolated following lysis by the combined treatment of the 
washed -cells f irst  with lysozyme &d then with sodium lauryl sulfate 
using a modification of the method of Okamoto et al. (1962). The 
specific activity was determined from the amount of cold TCA precipitable 
radioactivity relative to the absorbance at 260 mp. Radioactivity w m  

assoyed by rcintillation M described in tbe legend to Table 2. 
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then declines gradually. In  parallel experiments each of the lysates 
employed in the CsCl density gradient banding experiments was 
examined for its ability to transform histidine-requiring cells of 
B. suhtilis to a prototrophic state. As shown in Fig. 4, there is 
an initial increase in transforming activity, followed again by a 
gradual decrease, most likely reflecting a slow disintegrxtion of 
bacterial DNA close to the time of lysis. The host DNA retains 
not only transforming activity but functionality as well, eince 
RNA synthesis continues at a normal rate over most of the time 
course of infection (Fig. 6). The increase in turbidity of the 
infected culture is unaffected for about 15 minutes after phage 
infection. Similarly, the rate of P3z-labeling of RNA in infected 
B. subtilis parallels that of uninfected cells (Fig. 6). 

_. _ _  _ _ _  _ _ _  - - . ._ . 

11. Specificity of Hybridization of DNA with Messenger RNA 

The experiments described in Section I indicate continued 
function by the host genome after infection with SP8. In this 
respect, the behavior of infected cells resembles that of E. coli 
lytically infected with bacteriophage 1 (Siminovitch and Jacob, 
1952). It contrasts with the complete cessation of host-specific 
synthesis in E. coli infected with the virulent T-even coliphages. 
Bacterial messenger RNA is presumably synthesized together with 
phage specific m-RNA. In order to demonstrate that RNA comple- 
mentary to two different species of DNA (bacteriophage and host) 
is synthesized in SP8 infected B. subtilis, use was made of the 
principle of DNA-RNA hybridization described by Spiegelman 
and Coworkers (1961, 1963) which was used to isolate and iden- 
tify the specific m-RNA. The use in separate hybridizations of 
each of the complementary strands of SP8 DNA permitted us  to 
ascertain which of the phage strands served as a template for the 
synthesis of complementary RNA in vivo. 

In most of our studies the annealed hybrid DNA-RNA mo- 
lecules were separated by preparative CsCl density gradient 
centrifugation (Spiegelman, 1961). Hybrids were formed by an- 
nealing labeled RNA isolated from SP8 infected B. aGbtilia with 
the H and with the L SP8 DNA strands previously aeparated 
chromatographically on a MAR column. After preparative centri- 
fugation of the hybridization mixture in a CsCl density gradient, 
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drops were collected from the bottom of the punctured centrifuge 
tube and assayed for acid precipitable radioactivity (after pre- 
incubation either with or without ribonuclease (RNAase) ). In  Fig. 
7 the extent of hybridization of the H and of the L SP8 DNA 
strands with phage infected B. subtilis RNA is compared. Results 
obtained from samples which were treated with RNAase indicate 
clearly that only the RNA hybridized with the H SP8 DNA strand 
has the RNAase resistance expected of DNA-RNA hybrids (Gia- 

-- -- - .  

cornoni and Spiegelman, 1962). The amount of RNAase-resistant, 
acid-precipitable radioactivity which renatured with the H strand 
represents 10-16% of the labeled RNA added to the annealing 
mixture. On the other hand, the radioactivity associated with the 
L SP8 DNA strand is about 0,5% of that added to the annealing 
mixture and could reflect contamination with H strand of the L 
strand preparation used for annealing. The shoulder on the light 
density side of the H strand-RNA hybrid (Fig. 7) is not seen with 
a more highly purified H strand preparation. In each w e ,  when 
a small amount of radioactivity was found at a lower density, it 
was presumed to be due to RNA hybridized together with im- 
perfectly renatured bacteriophage DNA as a consequence of the 
minor contamination with the complementary strand. 

Experiments in which the total radioactivity of the annealed 
DNA-RNA hybrids collected from the CsCl gradient was assayed 
without prior RNAase treatment (Fig. 8) gave approximately 
similar results to those shown in Fig. 7, as did a similar experi- 
ment not employing other RNAase or acid-precipitation. A distinct 
peak of radioactivity was evident only when the H strand was 
used and supports the above conclusions. 

When hybridizations were performed with denatured, but 
unfractionated SP8 DNA, less RNAase resistant radioactivity was 
annealed to the DNA than could be recovered with fractionated 
SP8 DNA strands. This is probably the result of a preferential 
renaturation of the complementary SP8 DNA strands with each 
other. 

To eliminate the objection that the' L SP8 DNA strand is 
intrinsically unable to hybridize with complementary RNA, each 

h 
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I Fig. 7. - Specificity of Hybridization of RNA Isolated from SP8 In- 
fected R. nwbtilir with the Fractionated Strands of SP8 DNA. 

The hybridization mixtnrep, in 2 x SSC, consisted of 32 pg V-uridine 
labeled RNA (6 x 10. e.p.m./ig cold TCA precipitable) and 10 1'8 each 
of the fractionated L and €I SP8 DNA strands. Total volume was 0.55 
ml. The mixtures wrm annealed at STC for 10 hrs followed by slow 
cooling to mom temperature. Solid optical grade Cscl ( M a w )  and 
water were added to yield a denaitp of 1.74 gm/cc in a final volume of 
3 ml. The samples were centrifuged at 33,000 r.p.m. for 3 days at 26'C 
in the SW 39 rotor of a Spinco Model L ultracentriiuge. Fractions were 
obtained by piercing the lower end of the tube and collecting samples 
of 3 drops. After every 5-8 drops, the refractive index of one drop was 
measured. To each 3drop sample was added 2 ml of water containing 
10 pg RNAase and 50 118 calf thymus DNA (Worthington) as  camer. 
Following 22 min incubation at room temperature, the nucleic acids were 
precipitated with cold 20% TCA and collected on HA Millipore filters 
and the radioactivity. assaw by scintillation spectrometv (Hall and 
Spiegelman, 1961). Densities of the peaks were calculated from the 

! - _  

I 

1 refractive indices. 
 uridine hbeltd ENA was obtained from B. m.tttilis infeetea in tbe 
logarithmic phase (m.0.i. 6) in the medium described in the legend ta 
Fig. 6. After pulse labeling (3.6 to 12.6 min after infection), the bulk 
RNA wm hhted nshg warm phenol by a modifiution of the method 
ai Olumoto et d o e  (1962). 
The L .ad H strands of beat denatured 8P8 DNA wem fractionated 

by tl# method deecr0ed in tho legend to Fig. 1. 
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of the fractionated SP8 strands was annealed with RNA syn- 
thesized by highly purified E. coli RNA polymerase primed by 
both the L and the H SP8 DNA strands. The results (not shown) 
indicate that the RNAs renature primarily with the purified DNA 
strand which was used to prime their synthesb. 

___-----. __.- 

CICl DENSl tY  GR&DIEN? CENTRIFUG&TW 
OF FRACTIONATE0 SPB STRANDS 

RENATURED WITH M I O E  SPECWlC RIUA 

PULSE : !OMIN. 

TUBE NUMBES 

Fig. 8. - Specificity of Hybridization of RNA Isolated from P8 In- 
fected R. subt2i.s with thf Separated Strands of SP8 DNA. Total 

Acid-Precipitable Radioactivity. 
Hybridizations and centrifugations were performed by the procedures 
described in the legend to Fig. 7. The H'-uridine-labeled RNA contained 
900 c.p.m./w The labeling time waa from 4 to 14 min following in- 
fection. The L strand preparation was further purified by a aecond 
passage through a MAK column. Total volume of hybridization mixtures 
was 0.76 ml. The samples dripped from the centrifuge tabes were diluted 
to 2 ml with water and calf thymus eamer,  preeipitated and counted. 

The d of the abscissa is different than that of Fig. 7, 

t 
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The DNA-agar gel technique (Bolton and McCarthy, 1962; 
McCarthy and Bolton, 1963) was also used to determine the extent 
of hybridization of the fractionated SPS DNA strands with pulse 
labeled RNA. By this procedure, the presence of host specific 
m-RNA in the RNA isolated from phage infected B. subtilis was 
also assessed. High molecular weight denatured DNA is trapped in 
the agar gel and renaturatian of DNA ie minimized since during 
the hybridization, efficient and preferential renaturation can occur 

- between complementary RNA and the fixed DNA. After the 
hybridization was carried out, the non-specifically absorbed RNA 
was washed through in the a front peak s. The second or a back 
peaks represents the RNA which had annealed to the DNA 
embedded in the agar. The data presented in Table 4 shows 
appreciable radioactivity in the acid-precipitable RNA of the back 
peak when the H strand or  denatured SP8 DNA was used but 
not when the L strand was used in the column. Since the unfrac- 

TABLE 4 

Total Radioactivitii in DNA-RNA hybrids Formed in  DNA 
Agar Gela with Pulse-labeled RNA from B. subtilis 

Infected with Bacteriophage SP8 
-- -- - - 

lbnrtarnl DNA -DNA 1. 2.W m. m e r  d e. p. m. dutd from b.ak-@ w 
- _ _  - -- ._ - - - __I -_-_ _ - ~ -  

SP8 
H strand 
L strand 
I; .  rub t ilk 
Calf thymus 
None 

12 
4.1 
6.3 
63 
60 
- 

2.568 
1393 
568 

3074 
453 
590 

TABLE 4. - DNA-agar gels wcrc prepared as described by Bolton and 
McCarthy (1962) and McCarthy and Bolton (1963). "-uridine labeled RNA 
was the same as that  described in Fig. 7. Hybrid RNA-DNA was formed 
by annealing 250 mg of each agar gel containing the indicated amountb of 
denatured DNA with 4 pg of labeled RNA at 66°C for 2 hrs in  1 M NaCl. 
The renatured mixture was washed with 10 portions (10 ml each) of 
2 x SSC at 62% and the c back-peak then eluted at 72' with seven 10 ml 
aliquots of SSC/lOO. The residual column material was dissolved in 6 M 
NaCIO, at 72'C and ehowed very little retention of radioactivity. The 
radioactivity in the cold TCA precipitable material was counted by scintil- 
lation aa described in the  legend to Table 2. 
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tionated SPS DNA and the fractionated strands showed different 
molecular weights, ,and therefore different degrees of retention 
hy the agar colunins, quantitative comparisons of the extent of 
hybridization are not possible at this time. The results in Table 4 
do however show that m-RNA complementary to host DNA is 
formed in SP8 infected B. aubtilis. 

I t  wa9 important to establish whether the production of RNA 
complementary to B. subtilia DNA reflects the presence of any 
extensive nucleotide sequences in SPS DNA which are congruent 
to host DNA. DNA-agar gels containing denatured SP8 or 8. 
siihtili~ DNAs were used to test the extent of hybridization of 
these two species with various denatured, labeled DNAs. AB can 
be seen from Table 6, there is no evidence of any hybrid formation 
between the host and SPS DNA under conditions where the 
homologous pairs yield appreciable hybridization. 

* 

I { .  Rubtilw 
SPB 
Calf thymus 
No DNA 
b'. wbtil ia 

No DNA 
spa 

P - B .  ~ ~ 6 t i l C  

D 

P-SP8  
D 

D 

16,600 
690 
742 
720 

1,067 
11,331 
2,370 

TABLE 6. - DNA-agar gels containing 63 ( 2  4) !ig DNA/26O mg gel were 
prepared as described by Bolton and McCarthy (1962) and McCarthy and 
Bolton (1963). Labeled R. rubtilis DNA in SSC/lO was prepared from cells 
grown in P-eontaining dephosphorylated Difco Penassay broth (Countryman 
and Volkin, 1969). Labeled SP8 DNA was isolated from purified bacterio- 
phage lysates obtained from cells grown in the medium described in the 
legend to Fig. 6. Each renaturation mixture (4 ml) contained 260 mg of the 
indicated agar gel containing the entrapped, denatured hd molecular weight 
DNA to which was added labeled, sonicated (80 min in 8 10 Kc hy tbeon  
sonic oscillator) and denatured (1W C for 10 min and quickly cooled) DNA; 
10 ug 8. subtilia DNA (10' e.p.m./pg) or 2 pg SP8 DNA (2.6 x 10' 
c.p.m./pg). "he annealing conditions, elution from the agar gel column and 
assay of the label m~oociated with the hybrid were t b o ~  desaibed in tbe 
legend to Table 8. 

! 
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The demonstration that messenger-type RNA as well as polyri- 
bosomes (or polysomes) can be associated with bacterial membranes 
(Suit, 1963; Schlessinger, 1963) prompted a search for membrane- 
associated RNA homologous to host and SP8 DNA formed after 
bacteriophage infection. Table 6 show8 the extent of mixed nucleic 

SP8, unfractionated 10 pg ! 6,260 
SP8 H 6 / @  ' 9,130 
SP8 L 5 pa 1,420 

TABLE 6 

- 
- 
- 

Hybrid Form&tion between Denatured DNA from B. subtilis 

Membrane-Associated Polysomes of SP8 Infected 
and Unhfected C& of B. subtilie 

SPS a d  Pulse Labeled RNA Ieohted f r m  

TABLE 6. - The indicated amounts of DNA were annealed for 70 min at 
62" in 0.6 M RCI plus 0.01 M Tris buffer, pH 7.3 with 10 i!g of each RNA 
sample (total volume, 4 ml). The annealed mixtures were digested with 02 
$/ml RNAase a t  37" for 20 min, and the DNA-RNA hybrid collected on ni- 
trocellulose membranes as described by Nygaard and Hall (1963). Radioacti- 
vity of the dried membranes was measured by scintillation spectrometry. 

The labeled RNA was prepared from cells growing in the medium de- 
scribed in the legend to Fig. 9. l3. xiibtilis Marburg was infected with bactc- 
riophage SP8 (m.0.i. 2.6) and pulse labeled (4.6 to 13.6 min after infection) 
with 14.3 ,&/ml "-uridine. A non-infected aliquot was treated in a similar 
fashion. The cultures were chilled in an ethanoldry ice bath and NaNl added 
at a concentration of 2 x 10-4 M. The cells were coliected by centrifugation 
and reauspended in 0.6 M sucrose plus 0.01 M Tris buffer, pH 7.2 containing 
NaN. and incubated with lysozyme for 6 min at 30'. The protoplasts were 
centrifuged and resuspended in a magnesium containing buffer designed to 
stabilize polyribosomes (Schlessinger, 1963). Disruption was aided by several 
cyclee of freezing and thawing. The labeled polyribosomes wen- isdated as 
described by Schlessinger (1963) and the RNA extracted with warm phenol. 
The specific activity of the RNA, isolated 
uninfected eel4 was 6.6 x 10' c.p.rn.jp and 
celb wan 6.6 x 10' c.p.m./pg. 

from the polyribosomes of the 
tha t  isolated from SP8 infected 
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acid hybrid formation between DNA from SP8 and B. subttlis and 
RNA isolated from membrane-associated polyribosomea (Schles- 
singer, 1963) of infected and uninfected cells. The results from this 
experiment, using the Nygaard and Hall (1963) filtration technique 
for the detection of DNA-RNA complexes, indicate qualitatively 
that: less bacterial messenger RNA is synthesized after SP8. in- 
fection than in uninfected cells and that the membraneassociated 
RNA in infected ceib again only hybridizes with the H strand of 

The functionality of the host-specific RNA synthesized after 
S P 8  infection can be ascertained by studying the formation of an  
inducible enzyme. Two such enzymes were studied, histidase (Hart- 
well and Magasanik, 1963) and mannitol 1-phosphate dehydrw 
genase (Liss et  al., 1962), yielding similar results. The inducibility 
of mannitol 1-phosphate dehydrogenase by mannitol in infected 
and uninfected cells of B. subtilis is shown in Fig. 9. The reduced 
rate of synthesis of this enzyme in infected cells is to be expected 
from the previous observation (Table 6) that  less hoe&qE?cific, 
membranesssociated m-RNA is formed in SP8 infected than non- 
infected cells. 

. SPSDNA. 

111. Bacteriophage-Specific Enzymes Induced by SP8. 

The bacteriophage-specific RNA which appears as early 89 
10 minutes after infection presumably serves as messenger not 
only for the synthesis of structural proteins entering the progeny 
bacteriophage, but also in the formation of the enzymes of nucl- 
tide metabolism which must arise de novo to account for the 
presence of unusual bases in the bacteriophage DNA. The enzymes 
would be comparable to those which are induced in E. coli upon 
infection with T-even coliphages (Bessman, 1963). In order to 
elucidate the pathway by which 6-hydroxymethyluracil nucleoti- 
des are synthesized, and the mechanism which excludes the xm- 
tural nucletotide (TMP) from newly synthesized DNA, we have 
examined the enzymatic activities of xtracts of B. aubtiIia har- 
vested at various times after infection with SPS. 

High activities, of two enzymes, virtually abeent from un- 
infected cells, hav so far been detected. One of these, thymidine 
triphosphatase (TTPase) catalyzes the cleavage of TTP to TMP 
and inorganic pymphwphate at rates as high aa 18 pM/h/me 
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protein in the crude extracts of bacteria infected for 20 m i n u b .  
Uninfected cells have less than 3% of this activity. In  its high 
activity, and in its' function, TTPase resembles the dCTPaee 

~ - __ -_ _ _ _ _  _ _  .~ _ _ _ -  
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3 TIME AFTER INDUCTION (MINI 

Fig. 9. - induction of Mannitol 1-Phosphate Deydrogenase in SP8 In- 

H. s icb t ih  Marburg was grown in the medium described in Fig. 6. I t  
was supplemented with a vitamin-amino acid mixture (Novick and Maau, 
1961) instead-of tryptone-yeast extract and 0.6% Na glutamate was u d  
as the carbon source instead of glucose. During early logarithmic growth, 
the culture was divided into two parts and one infected with bacterio- 
phage SP8 (m.0.i. 3). D-mannitol was added (final concentration 0.2%) 
t o  both cultures at the same time of SP8 addition. Samples of 7 ml were 
withdrawn at the indicated intervals, immediately chilled in ethanol-dry 
ice and harvested by centrifugation. The pellets were resuspended in 
2.0 ml 0.06 AI Tris-HC1 buffer, pH 7.2, containing 20 llg/ml lysozyme. 
Lysis was carried out for 20 min at 30", the nucleic acids precipitated 
with 1 %  streptomycin sulfate and the supernatant of the centrifuged 
mixture was assayed for  mannitol 1-phosphate dehydrogenase (Liss et al., 
1962). The increaac in absorbance at 340 mp (Zeiss spectrophotometer, 
room temperature) during the 60-120 second i n t e n d  of the assay was 
used to measure the reaction rat& One enzyme unit is that amount 
which will produce a change of 0.01 in absorbance. at 340 rnt' during the 

60-120 second interval. 

fected and Uninfected Cells of B. sabt&?. 
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induced by T-even coliphage icfcction (Kornberg et al., 1959), 
which Isdudes dC3IP f rorn bacteriophage DX’h containing 5- 
hydroxymethyl deoxycytidyjic acid. I t  is also comparable, in func- 
tion, to the dUTPase (Greenbcrg and Somerville, 1962), present 
in uninfected E.  coli, which excludes dUXP from normal DNA. 
However, unlike these latter enzymes, wiii & cleave their respec- 
tive nucleoside diphosphates to monophosphates, the SP8-induced 
TTPase fails to act on TDP. 

A second enzyme, dCMP deaminase, converts dCMP to dUMP 
at rates as high as 25 pM/h/rng protein in crude extracts of in- 
fected cells, while those of uninfected cells have no more than 
1 $% of this activity (*I. This enzyme does not deaminate 5-methyl 
dCXP, 5-hydroxymethyl dCX?, dCDP, or r-CMP. It is therefore 
more specific thaii the amino hgdrolyases of animal tissues (Sca- 
ran0 et al., 1962) which attack 5-substituted deoxycytidylates as 
well as dCXP. Such high levels of phage-induced dCMP deaminase 
auggest that the major pathway of ribonucleotide reduction to 
deoxyribonucleotides in phage infected cells proceeds through 
dCMP or its phosphates. 

While the mechanism excluding TTP from SP8 DNA undoub- 
tedly involves the induced TTPase, the pathway of dHMUMP 
synthesis remains obscure. I t  seems unlikely that this nucleotide 
is derived from dHMCMP since the latter compound is not dea- 
minated by crude extracts of infected B. s?~btiliS. (Note added in 
proof. F. Kahan, E. Kahan and B. Riddle have recently described 
(Federation Proc., 25: 315 (1964)) two additional phage-induced 
enzymatic activities concerned with nucleotide metabolism : (1) 
Oi o r y  UMP hydroxUmetizi/lase adds radioactive formaldehyde to 
6UXP in the presence of tetrahydrofolic acid a rate of 100 mp 
nioles/h,’mg protein The product after treatment with alkaline 
3hosphatase has the chromatgraphic mobility of hydroxymethyl 
deoxyuridine. (2)  Deoxy UTPase hydrolyzes dUTP to dUMP and 
2yrophosphate at.a rate of 25 rnoles/h/mg protein, 10 times 
the rate of hydrolysis in uninfeeted cells. They suggest that the 
dCMP deaminase supplies the dUMP required by the hydmxyme- 

(*) We are’grateful to Prof. E. Scarano for suggesting 
for deaminase activity in phage infectei 2. nubtilie. 

that we aeerch 
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tii:-;.ise, while the: deoxynucleoside triphosphatases exclude 
dUM? an dTMP IL-UL~~ viral DNA). 

If these enzymes are essential €or the formation of S?8 DNA, 
one would expect them to appear shortly after infection before 
tL ,;k of new DNA had been synthesized. This expectation has 
btxrl confirmed for dCMP deaminase (Fig. lo), for most ofdthe 

t 
0 
W 
0 CHLORAMPHENICOL /, ADDED AT 5 t h  MIN 1 

A T f Y ! f i  I d 
5 '0 I5 20 
J I M €  AFTER INFECTION (MINI  

. Fig. 10. - Time Course of Formation of dCNP Deaminase in B ~ubti l in 
Marburg Infected with Bacteriophage SP8. 

Sacteria were grown in Difco Penassay broth and infected (time zero 
on figure) at a m.0.i. 0; 7. Five minutes after infection, 100 pg/ml of 
ch:oramphenicol was added to a portion of the infected cells. At  the times 
indicated, 500 ml samples were removed, chilled and centrifuged. The 
bacterial pellet wag ground with alumina and provided 2 ml of crude 
extract containing 7 mg/ml of protein. DeoxyCMP deaminase was assayed 

with dCMP-2-C'' using the procedure of Maley and Maley (1960). 

induced activity appears between the 10th and 15th minute of 
infection. When chloramphecicol was added to cells 5 rr,ir,utes after 
infection, AO enzyme activty could be detected at subsequent times. 
By t h a e  criteria, the phage-specific enzymes appear to arise from 
a cle mvo synthesie of protein, presumably instructed by the bac- 
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teriophage genome. That these enzymes do not result from an 
activation, on infection, of the host genome, is indicated by the 
absence of these activities from extracts of cells infected with 
another B. subtilis bacteriophage, PBS2 (Takahashi, 1963). In 
this latter case, high levels of t w o  other enzymes not represented 
in the host are found (Kahan, 1963): a dUXP kinase and a TMI? 
phosphatase. These activities are however related to the composi- 
tion of PBS2 DNA, for in this case, uracil completely replacea 
thymine. 

- __ - -- - -- - _ _  

i 

We have concluded from this study that only one of the two 
complen~entary strands of bacteriophage SPS DNA acts as a 
template for the synthesis of phage specifc RNA in vivo. This 
conclusion is based, in part, on the ability of approximately 10% 
of the radioactivity of pulse labeled RNA to form, solely with the 
heavy strand of SP8 DNA, a hybrid which is resistant to ri- 
bonuclease. The same complementarity between RNA and DNA 
which is held responsible for this resistance to hydrolysis, probably 
accounts for the retention of radioactive fiNA by agar gel columns 
in which fractionated heavy strand is held immobilized. Conditions 
of ionic strength and temperature known to denature native DNA 
are required before the RNA is released. It remains to be shown 
that tne base ratios of the RNA and of the DNA present in the 
nybrid are complementary to each other. 

I t  is particularly important to establish whether this phage- 
specific RNA is the same as the messenger RNA which functions 
as a template for the synthesis of proteins necessary in phage 
development. It is, for example, conceivable that the truly func- 
tional m-RNA (which may be synthesized off the light SP8 DNA 
strand) turns over so rapidly as it  participates in protein syn- 
thesis, that  its steady 8tate level remains too low to be detected. 
The product of the heavy strand might accumulate in cells only 
because i t  is biologically inert. It was therefore of interest to 
show that the pulse labeled, membrane-associated RNA, which 
might be part of the polyribosorneo that are the active eitea of 



protein synthesis (Schlessinger, 1963), hybridizes exclusively with 
the heavy strancl'of SP8 DSA. 

If in fact the heavy side of the bacteriophage DNA is the only 
one transcribed into RNA in vivo, we must explain how the DNA 
initially injected into the cell is so polarized or anchored as to 
, .revent tine bilateral copying seen in experiments employing 
puri€i& enzymes. I t  may be possible to determine structural 
features of DNA which result in this selective transcription hg 
modifying purified SP8 DNA. either by frnctionrdiion or cfisrap 
rion, and then introducing it  into the host cell. For thew esperi- 
ments, E.  subtilis offers the great advantage of being trans- 
formable and capable of incorporating into the cell heterologous 
DNA. Any insight into the mechanism by which only a fraction 
of a genome is expressed, can ultimately aid our understanding 
of the factors which confer sequential order upon processes of 
morphogenesis. 

, 

Summary 

The DNA of bacteriophage SPS (whose host is BaciUua sub- 
til&) when denatured yields two components of differing buoyant 
density in cesium chloride density gradients. These components 
can be separated from each other by chromatography on a methy- 
lated serum albumin column. The denser of the two stranch, the H 
strand, contains more pyrimidines and less purines than the 
lighter L strand. Only the H strand forms hybrids with the pulse 
labeled R S A  synthesized by the infected host. Hybridization has 
been judged by the ribonuclease insensitivity of the radioactive 
RNA contained in complexes isolated by preparative CsCl ultra- 
centrifugation, and also by the retention of this radioactive RNA 
by agar Lei columns containing fractionated H or total denatured 
phage DNA. The L strand has been shown to be capable of annea- 
ling with complementary RNA synthesized in vitro with i t  as 
primer in reactions catalyzed by RNA polymerase. 

During the vegetative developmect of phage, host cells syn- 
thesize RNA at normal rates. A small frsction of this RNA forms 
hybrids with denatured bacterial DXA. Since bacteriophage DNA 
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Discussion following Dr. MARMUR'S paper. 

Dr. Dulbecco: Is the strand separation better or wurse at pH 12.6? 

Dr. Murmur: We have not investigated in detail the alkali denaturation 
of our phage DNA preparations. Howeker, at the present time, i believe that 
the high pH denaturation of DNA (and subsequent reneutralization) is the 
most gentle method of preparing high molecular weight, single stranded DNA 
which has suffered little or no degradation in the process. I would like to 
mention at this point that several other laboratories have been able to dem- 
onstrate that the transcription of phage DNA in vivo by RNA polymerase 
invoives essentially one DNA strand. This work has been carried out by 
Spiegelman and his coworkers (Proc- Natl. Aead. Sei., U. S., 60 (1963) 664) 
who have worked with the E. coli phage QJX 174 in its replicative form, as 
well as by the group (Tocchini-Valentini, Stodolsky, Aurisicchio, Graziosi, 
Sarnat and Geiduschek, Cold Spring Harbor Symp. Quant. Biol., 1963, in 
press) who have worked with Bacilhtn megatcrkm strain Paris phage alpha. 

nr. Reichanl: i should like to make a speculative comment on the en- 
zymes which Dr. Marniur talked about. There should be some reason why 
the dCMP deaminase appears after phage infection and the most straight- 
forward reamn I can think of would be to increase the formation of the 
dUMP and thereby increase the possibility of getting uridine into DNA. 
There would be so much UMP that the normally occuring dephosphorylation 
of dUTP would be inadequate so tha t  the dUMP can be pushed into DNA 
by this enzyme. Consequently, one may suggest that  the hydroxymethylation 
occurs in the DNA after the incorporation of the uridine. In line with this 
would be that, after all, there a re  other phage DNA which do contain uridine 
in the DNA. 
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Dr. Mannur: The reason that  Dr. Kahan has speculated that the for- 
mation of the hydroxymethyl uracil was at the diphosphate level of thymidine 
is  that  there is no enzyme that phosphorylates the monophosphate of hydrox- 
niethyluriclinc. Your suggestion that you might get hydroxymethylation a t  the 
D N A  level has not been checked by US. In some preliminary experiments, 
however, Dr. Kahan has found that Inbelled thymidine added to a thymidine 
requiring strain of 3. rubtilk infected with SP8 is incorporated into #e 
phage DNA. This would tend to argue allaind the hydruxntethylatian of 
uracil at the level of DNA. 

ih. Cawtimi: In connection with HMU and uleo with the difference in 
the  buoyant density of the SP8 DNA and the U .  subtilis DNA which you said 
have the same base composition: is the DNA alucoaylation similar tr~ that  of 
T-even phages ? 

Dr. Manntrr :  The glucoaylation oi SP8 DNA is on the C residues. In 
PBSZ DNA, the C and C residues are ~lucosylated. 

Dr. Ca1Lton.i: And this is  the renson for the difference in the buoyant 
density? 

- - - - - - - -__ 
a. 

1)r. Afrcrmur: I do not know. I t  could be preferential binding of cesium. 

Dr. Uendich: Do you have any idea where the glucose might be on 
guanine? Do you think i t  would be on Nt? 

nr. Marmtlr: We do not have any cheniicol data related to your question. 
It might be in a position that interferes with base pairing since the melting 
temperature is abnormally low. Instead of being Tm of about 8 W  it ia 
down around 7 M .  

nr. DulQecco: In  view of the fact that Bmilliin ercbtilirs accepts trane- 
forming DNA, have you tried to inject the Bacillus with either double or 
single stranded DNA, or the separated phage DNA strands? 

UT. Afarmur: We tried to do this expcriment. We planned to add ta 
transformable B. aubtilk cells SP8 DNA in its native, degraded and de- 
nuturcd states (as  well as the separated DNA strands) with the view of 
modifying the DNA before cell entry in order to  discover if there were any 
structural features of the DNA which determined the nature of its trana- 
criptinn. However, aeveral preliminary experiments with native DNA con- 
vinced 11s that  this experiment was difficult to carry out. In  contrast to 
transformable cells of D ~ ~ ~ O C O C C I L V  pncumottiae, I?. subtilie in its transformable 
state is biochemically s sluggish *. This latent activity makes it difficult to 
incorporate significant radioactivity into messenger RNA ia pulse labeling 
experiments. Extensitre experiments by Stocker and Nester (3. Boctcrid. 86 
(1963) 786) confirm this biological latency in trasfomable B. rubtilt cultarea. 
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